While various glass alteration layer formation mechanisms have been debated in recent years, the glass alteration community generally agrees that more information on physical properties of the alteration layers is needed to further the understanding of their impacts on overall glass alteration. In this work, pore volumes and solid structures of glass (International Simple Glass, ISG) alteration layers formed in solutions of various pH conditions in initially dilute conditions at 90°C are evaluated with positron annihilation spectroscopy, small-angle X-ray scattering, and scanning transmission electron microscopy. Pore volumes of alteration layers formed at pH 9 were found to be at their lowest near the surfaces of the alteration layers. Solid structures of alteration layers are compared with those of synthetic aerogels of comparable compositions produced under various pH conditions. Alteration layers formed at pH 11 on ISG were shown to contain large structures (>10 nm) similar to synthetic aerogels created under neutral and basic conditions whereas alteration layers formed at pH 9 did not. Available dissolved silica species defined by silica solubility were proposed to have the greatest impact on alteration layer structure.
INTRODUCTION
While commercial nuclear reactors provide reliable energy, resulting wastes require safe disposal to ensure the safety of humans and the environment. Vitrification is one of the current methods for immobilizing nuclear wastes in glass. 1,2 When exposed to aqueous solutions, borosilicate glasses are altered through several possible processes including ion exchange of solution ions (e.g., H 3 O + ) with mobile glass ions (e.g., Na + , Li + , K + ), hydrolysis/congruent dissolution of the glass network, and the formation of alteration products such as a porous alteration gel layer at the surface of glasses. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The general mechanisms of the formation of alteration layers and their role in long-term glass alteration are still being debated. 9, 11, 13, 14 In an inter-diffusion model, ion exchange processes cause solution conditions to be more favorable for hydrolysis by increasing the pH. The alteration layer results from condensation reactions of mostly silicon-based hydrolyzed species from the glass that did not necessarily break every covalent bond from the original glass. 13, 15, 16 In contrast, another mechanistic model proposes a congruent glass dissolution resulting in the alteration layer being composed entirely of species (primarily Si) that have been completely disassociated from the original glass (dissolution/precipitation). 11, 17, 18 As a result, an alteration layer composed of spherical silica aggregates of variable sizes and porosities forms. Since the alteration layer is generated from completely free silica species in solution, the proposed model is similar to what is observed in other silica-water systems. 11, 18, 19 Silica-water systems include sol-gel synthesized silica gels, which have formation mechanisms similar to what Geisler et al. proposed for alteration layers. 11, 20 Sol-gel synthesized silica gels are typically prepared by mixing silicon alkoxides, like tetraethyl orthosilicate (TEOS), with water in a mutual solvent (such as ethanol) in which hydrolysis and polycondensation reactions occur. [19] [20] [21] [22] Hydrolysis is limited by the amount of available water molecules, and condensation reactions between two silanol groups or a silanol group and ethoxy group occur to form bridging oxygens or siloxane groups, i.e., Si-O-Si. Continuation of hydrolysis and condensation reactions form colloidal particles (sol) that link into gels over time.
In silica-water systems, several variables impact the polymerization behavior, primarily pH and the presence of background salts, which influence pore and particle sizes of the final gel. 19, 20, 23, 24 Multiple polymerization processes, specifically Ostwald ripening and aggregation, contribute to the formation of large silica networks where the predominance of various processes varies with pH. Ostwald ripening refers to the growth of large individual particles at the expense of small particles mostly via hydrolysis/condensation reactions. Aggregation refers to multiple particles connecting (usually electrostatically) which can then undergo condensation reactions to connect to one another and form a gel. Aggregation occurs preferentially in pH regimes near the isoelectric point, but the size of the particles that aggregate is often influenced by the extent of Ostwald ripening that has previously occured. 19 At low pH, silica colloids have little surface charge, hence they are able to collide and aggregate into chains that eventually form into gel networks. At higher pH (>7) and in the absence of salts or catalysts, silica colloids are repelled by their large negative surface charge. As a result, collisions and aggregation do not readily occur. Instead, the smallest colloids are consumed through Ostwald ripening processes to produce much larger silicate particles. 19, 25 Eventually, the dimensions of the Si particles increase to a point where they aggregate with one another since the charge repulsions between individual particles have been greatly reduced per unit area. In addition, increased salt concentrations (>0.2 N at room temperature) lead to the formation of double electrostatic layers by cation counter-ions on negatively charged silicate species, leading to reduced electrostatic repulsion and conditions that allow for more collisions and increased aggregation even at high pH. 19, 20 Final gels prepared in acidic conditions generally consist of linear chains that entangle and form additional branches, whereas final gels in basic conditions form through highly branched clusters that link to create the gel network. 19, 20, 22, [26] [27] [28] As a result, gels synthesized in acidic conditions contain smaller pores and are composed of smaller particles than those prepared under basic conditions.
Although the hydrolysis and condensation reactions are similar to those proposed for alteration layer formation for both inter-diffusion and dissolution/precipitation models, the starting silica species differ, whereas the dissolution/precipitation model presents initial silica species similar to those formed during sol-gel synthesis. By examining physical properties of synthetic aerogels and glass alteration layers created at 90°C for 7 days in static conditions under various pH conditions (buffered solutions), comparisons can be made between aerogels that are known to be created completely from free silica species through sol-gel synthesis with alteration layers formed from glass alteration. This work was conducted using International Simple Glass (ISG), designed and fabricated by the international nuclear waste glass community to unify research efforts in understanding glass properties and durability behavior. 3 ISG has been intensively researched by the international community using multiple methods for various purposes as seen in these cited examples and in the web collection on ISG associated with npj Materials Degradation (https://www.nature.com/collections/ wwcfskftrj). 14, [29] [30] [31] [32] [33] [34] [35] [36] [37] Table 1 shows the buffered reaction solution pH (90°C) before and after the alteration experiments. The alteration experiment samples are identified by a three character code (XXX), where the first character represents the target pH of the reactant solution (3, 5, 7, 9, 11) , the second character refers to the glass used (I for ISG), and the third denotes the experiment duration in days (7) . As an example, ISG altered for 7 days in pH 3 solution, the sample is denoted as 3I7. Over the course of the 7-day experiment, the pH of each solution increases, implying elemental release from the glass exceeded the capacities of the buffers. The solutions originally buffered to pH 3 and pH 5 increased more significantly likely due to the preferable release of alkali glass cations (Na) into solution at low pH as seen previously. 38 Since the pH fluctuated throughout the experiments, the alteration layers evolved in a dynamic solution pH environment rather than an anticipated static one. Figure 1 illustrates scanning electron microscope backscattered electron (BSE SEM) micrographs of cross-sectioned samples of (a) 3I7, (b) 5I7, (c) 7I7, and (d) 9I7. In addition, two SEM micrographs of 11I7 are shown in Fig. 1 including (e) 11I7a, which shows a small conformal alteration layer (AL) visible in the majority (>50%) of the surface analyzed, and (f) 11I7b, which shows large fragile alteration products in addition to the small AL in the minority (<50%) of surface analyzed. The discrepancy between the ALs observed on 11I7 in Fig. 1e , f could be due to the loss of large fragile alteration products during sample handing and preparation. As pH of the solutions increase, interfaces between unaltered glass (UG) and ALs become irregular, and the ALs are more nonuniform in thickness and appearance. Figure 1 also provides a graphical comparison of calculated equivalent thickness (ETh B ) calculated in Kaspar et al. using boron concentrations obtained from ICP-OES analysis and measured thicknesses from SEM micrographs of the altered portions of 3I7, 5I7, 7I7, 9I7, and 11I7. 39 (See Supplementary Table 3 for ETh B and measured thickness values.) The trend of alteration layer thickness as a function of pH observed in Fig. 1 is consistent with the observations from high flow experiments compiled by Strachan. [40] [41] [42] [43] These works showed glass dissolution has a V-or Ushape dependence on pH where glass altered at neutral pH would alter less than glass altered at low and high pH conditions. Glass alteration layer pore depth analysis via positron annihilation spectroscopy Positron annihilation spectroscopy (PAS) was utilized to analyze the open volume of glass alteration layers as a function of depth by observing energy distribution profiles after implantation of positrons. The incident kinetic energy of the positions determine the mean depth of the implantation profile. 44 A parameter related to the energy distribution known as the R parameter is used to qualitatively determine open volume (without differentiating between pore size and porosity) where a larger R value corresponds to more open volume. Methods and Supplementary Methods provide further details. Figure 2a shows R parameters for UG, 3I7, 5I7, 7I7, 9I7, and 11I7 as a function of implantation energy in keV. In addition, Fig. 2a shows schematic descriptions of sample cross sections for 7I7, 9I7, and 11I7 scaled as a function of implantation energies calculated (see Methods for equation) using thicknesses measured on SEM images and calculated apparent density (ρ app ) values found in Supplementary Results. Figure 2b is a highlighted portion of Fig. 2a which shows low R values of UG, 3I7, 5I7, and 7I7 up to 70 keV and schematic descriptions of 3I7, 5I7, and 7I7 calculated similarly to the schematic descriptions in Fig. 2a . For implantation depths near the surface (<1 keV) positrons form positroniums (Ps) that escape into the vacuum of the beam line. The R values are high, and large surface defects may be visible (see Supplementary Methods for more details). UG shows a stable R value near 0 for all implantation energies >1 keV (i.e., at mean depths from 0.2 to 14 μm for 1 and 70 keV, respectively), indicating UG is homogenous throughout the whole sample and has no porosity above the detection limit (1% pore volume for this material). In Fig. 2a , R values for 9I7 and 11I7 reach their maximum in the AL, and their minimum in the UG portions. In 9I7, the R value is lower near the surface, suggesting partially blocked or constricted voids and no connection to the vacuum surface. Figure 2b shows that 7I7 has higher R values near the surface of the sample with a decrease until around 4 keV where it stabilizes near 0.015. At~10 keV (near the AL/UG boundary), the R values decrease below the detection limit. The fluctuations of R at >10 keV for sample 3I7 and 5I7 are postulated to be a result of statistics and systematic effects of the positron beam and not buried porosity in the sample due to smallangle scattering of annihilation photons in the sample.
RESULTS

Glass alteration solution and SEM analyses
As discussed in Reiser et al., 44 the depth resolution of PAS analysis decreases as energy increases, thereby leading to large transition zones between AL and UG (10-25 keV for 9I7 and 11I7). The higher pore volumes for 9I7 and 11I7 can be attributed to the dissolution of the glass network at higher pH due to increases in solubility for elements such as Si and Al. In addition, the increased porosity observed near the surface for 7I7 reflects structural changes in the alteration layer due to the rise in pH over the course of the experiment (see Table 1 ). Sample 9I7 shows less pore volume near the surface compared with the rest of the AL. These observations are consistent with experimental results and Monte-Carlo simulations of alteration layer structural formations of glasses similar to ISG altered in water. [45] [46] [47] However, 11I7 shows the reverse of this trend in that the AL contains the highest pore volumes near the surface and contains less pore volume deeper in the AL. The decrease in pore volume for 11I7 can be attributed to either inhomogeneity across the bulk AL or the solubility of Si at very high pH values.
The transition from the high R values at the surface to the nearly flat value in the alteration layers indicates that the voids are isolated and not interconnected. Interconnected porosity with a link to the vacuum surface render this transition more gradual with increased interconnection depth. The most gradual transition occurs in sample 7I7 with a characteristic depth energy of about 2 keV in Fig. 2b . Figure 3a shows the results for 3I7, 5I7, 7I7, 9I7, and 11I7 with the power-law slope (P) values and radius of gyration (R g ) locations shown. For the model employed in this work, the P parameter describes the fractal dimension of the ensemble of scattering objects. P values near −4 indicate structures with smooth surfaces, P values between −3 and −4 indicate rough surfaces, and P values between −1 and −3 indicate mass fractals. 48 The R g parameters characterize the size of the scattering objects regardless of shape. 48 All errors for P values presented in Fig. 3a are 0.2 or less. Table 2 shows the R g fitted to the SAXS profiles for 3I7, 5I7, 7I7, 9I7, and 11I7 in Fig. 3a . Errors for large R g values (>800 Å) are reported as two standard deviations of fits of multiple replicates of the each sample. Errors for small R g (<100 Å) are estimated by comparing results of multiple uncertainty analysis methods available in the SAXS analysis software and choosing the largest realistic error. 49 Three intensity profiles are provided for 9I7 because the multiple replicates were not reproducible for q values < 0.005 Å −1 . The dip near 0.003 Å −1 is an artifact due to data corrections resulting in over-subtraction of background in this area of weak scattering.
SAXS analysis
Samples 3I7, 5I7, 7I7, and 11I7 show increased scattering as evidenced by R g knees in the low q region. The low pore volumes of 3I7, 5I7, and 7I7 (Table 2 ) and the increased scattering only in the low q regions imply most of the AL structure is well connected, and that phase changes from skeletal to pore structures is only visible at low q. Pores of the magnitude of R g values (>1000 Å) for 3I7, 5I7, and 7I7 are surface defects in the AL (see Supplementary  Fig. 1 ). 11I7 also shows increased scattering in this region, but the source of the scattering is not as evident. Based on Table 2 , the minority phase is solid material (AL) (see Supplementary Methods for further discussion). Based on SEM micrographs, surface defects are not as prevalent for 11I7 as large pores are mostly present in the fragile portions of the alteration layer (see Fig. 1 ). The increased scattering for 11I7 at low q could be caused by the large pores in the fragile portions, but it could also be caused by some large structural artifact of the AL or a combination of both features.
Between 0.01 and 0.10 Å −1 , 9I7 and 11I7 show increased scattering with the presence of R g knee behavior in Fig. 3a , whereas the others samples do not. The intensity profile of 7I7 shows a scattering artifact in the same region that could indicate the start of similar structural features as 9I7 and 11I7 which is plausible considering the increase in solution pH over the course of the experiment. The slopes of 9I7 and 11I7 in high-q regions only continues for a few decades, hence their P values may be not be trustworthy as their signals are lost to the background. Therefore, the P values likely could approach −4. Figure 3b -e shows three-dimensional (3D) representations for (b) 9I7 and (c) 11I7 and two-dimensional (2D) cross sections for (d) 9I7 and (e) 11I7. The 3D structures are created from possible solutions to SAXS intensity profiles and are similar to the true structure. However, defined parameters and assumptions were made to construct the structures which are discussed in the section "Small-angle X-ray scattering". These assumptions resulted in smallest features being eliminated or smoothed out, causing the pores to appear more rounded and larger than they may be. The particles for 11I7 are significantly more varied in size with some particles much larger than those in 9I7. This observation corresponds with the SAXS profiles observed in Fig. 3a and shows increased scattering for 11I7 at lower q values in comparison to 9I7. Figure 4a gives the SAXS results for the synthesized aerogels, again with P values (errors are 0.2 or less as before) and R g locations indicated. The aerogel samples are denoted as SG-3, SG-7, and SG-9 for aerogels made at pH 3, 7, and 9. (In Reiser et al., these samples are referred to as ISG.3.B-15, ISG.7.A-60, and ISG.9.B-45, respectively. 50 ) Table 2 shows the R g fitted to the SAXS profiles for SG-3, SG-7, and SG-9. Errors for all R g values are reported as two standard derivations of fits of multiple replicates of the each sample as fitting errors were less than the errors associated with replicates.
SG-3, SG-7, and SG-9 have similar scattering behavior in the high-q regions, showing faint R g1 knees (which may represent small dimer or trimer species) with changes in P values at the highest q region after the R g1 knees. The sizes of the primary particles of SG-3 and SG-9 vary as indicated by the R g2 values in Fig. 4a . SG-3 and SG-9 each have distinct R g knees. In the q range lower than R g2 values for SG-3 and SG-9, both samples show a shelf, indicating that the R g2 represents the maximum particle size in that q region. Since SG-7 does not exhibit this shelf and has a fairly washed out R g2 knee, the primary particles in SG-7 vary greatly in sizes across several decades of q. The P values in the lowest q region of Fig. 4a indicate that larger primary particles are either rough surfaces, mass fractals, or primary particle sizes that vary across several orders of magnitude. Figure 4 shows 3D representations of synthetic aerogels (b) SG-3, (c) SG-7, and (d) SG-9 and 2D cross sections of the same samples (e-g). The maximum sized primary particles of SG-3 are smaller than the largest particles seen for SG-7 and SG-9 that are consistent with that provided in Fig. 4 and Table 2 . SG-7 contains increased scattering in Fig. 4 across a large range of q which is evident with the large variation in particle size seen in Fig. 4f . Figure 5 presents STEM annular darkfield images of prepared portions of (a) 9I7 and (b) 11I7 that are representative of the alteration layers seen in Fig. 1d , e. Figure 5c , d shows magnified portions of regions indicated on Fig. 5a, b . Samples 9I7 and 11I7 were chosen for STEM analysis after observing increased porosity with PAS and smaller structural features with SAXS in comparison to the other altered glass samples. Figure 5a shows multiple sublayers within the alteration layer (AL-1, AL-2, AL-3) that have been observed by others under various experiments conditions. [10] [11] [12] 18, 44 The contrast in Fig. 5 shows that the alteration layer of 11I7 is more porous than 9I7. Figure 5d indicates the presence of porous channels connecting the surface of the alteration layer to the unaltered glass interface. This is more clearly illustrated in the GIF file of multiple STEM images taken at consecutive angles featured in Supplementary Video 1. A denser region in the alteration layer is observed in Fig. 5d . This could be a remnant of the large portion of the alteration layer observed in Fig. 1e likely lost during sample preparation.
STEM analysis of selected alteration layers
DISCUSSION
In this study, the data from multiple characterization techniques utilized to probe the physical microstructure and morphology of glass alteration layers agree with one another. The STEM images in In this study, SAXS was not able to differentiate between the multiple layers, thus the SAXS modeling provides data for the alteration layers as a homogenous amalgamation of the multiple layers (especially for 9I7). However, PAS was able to differentiate between these layers for 9I7 by providing physical evidence that alteration layers formed at pH 9 are denser near the surface (AL-1 in Fig. 5c ) than the rest of the altered portion of the sample. This observation is in agreement with computational simulations of structural formation of alteration layers in glasses similar to ISG in water [45] [46] [47] and previous experimental work. 10 Due to the denser portion of the alteration layer, diffusion of water and soluble ions through the alteration layer to unaltered glass could be reduced, thus causing glass alteration to decrease.
In regard to the synthetic aerogels, SG-3 was shown to contain smaller structural features in comparison to the structures in SG-9, which is similar to the observations seen for pure silica gels synthesized under various pH conditions. 19, 20, 22, [26] [27] [28] The synthetic aerogels have larger pore fractions compared with 9I7 and 11I7 that impacts the connectivity of the primary particles into a formal structure. As a result, Rg impacts on the synthetic aerogels are easier to see in the computer-generated representations than for 9I7 and 11I7. No large structures (>100 Å) with distinct sizes were discernable for 9I7, whereas SG-9 shows evidence of large structures of distinct sizes. SG-3 also shows evidence of structures of distinct sizes closer to 9I7, but was created at a much lower pH. SG-7 and 11I7 show evidence of large structures as the sizes of the structures vary across several decades. The structure and porosity of the aerogels are dependent on several synthesis conditions, some of which were quite different from the conditions associated with the formation of the glass alteration layers. Specifically, the synthesis temperature for the aerogels was significantly lower than the temperature at which the alteration layers formed (room temperature vs. 90°C). Previous work has shown that silica forms fewer but larger polymers as temperature increases, 51 implying that the structures formed for the aerogels may have been larger at higher synthesis temperatures.
Skeletal structural information determined for alteration layers at pH 9 and 11 and synthetic aerogels provide several indications of probable formation mechanisms of the alteration layers. For silica-water systems, higher silica solubility at high pH would result in larger pores as more material is removed into the bulk solution. Given the observed physical stability of the gel, it is probable that larger gel structures are present to compensate the large pores and maintain structural integrity. This is corroborated by the increasing stability of large silica particles and Ostwald ripening becoming more favorable as pH increases, both of which imply that larger gel structures are likely to exist at higher pH. 19 In addition, gels formed at pH 9 are expected to form quicker than gels formed at pH 11 due to the increased stability of silica particles as observed on silica sols by Iler. 19 Faster condensation rates for gels formed at pH 9 would lead to finer gel structure than gels formed at pH 11 which is supported by observations in Fig. 5c . While these explanations explain the differences in gel structures of 9I7 and 11I7, they do not explain why the structures are not more similar to the synthetic aerogels.
Unlike sol-gel derived aerogels which are formed from originally completely dissolved species (TEOS), the available Si species for gel formation in glass alteration layers may not be totally dissociated from the glass (non-Q 0 species). This is supported by previous experiments. 16, 52 Fig. 6 shows speculative Si Q n speciation on altered glass surfaces before the alteration layer forms for a) 9I7 and c) 11I7, where the Q n species refers to the number of bonds connected to another network cation through a bridging oxygen atom. For example, Q 4 refers to Si atoms that have four bonds to oxygen atoms that are bonded to the atoms within the network structure (bridging oxygens) and Q 0 refers to Si that contain zero bonds to oxygen atoms bonded to the network structure (non-bridging oxygens). While the structures suggested in Fig. 6 are speculative, more Q 0 species are expected for 11I7 as seen as in Fig. 6c compared with the Q 0 speciation seen Fig. 6a for 9I7 due to the increased solubility of silica at higher pH.
For simple silica-water systems in basic conditions with low salt concentrations (similar to conditions during the formation of 9I7 and 11I7 glass alteration layers), silica gels form from aggregation of larger individual particles that have undergone significant Ostwald ripening before aggregation as opposed to immediate aggregation of available small silica species. Q 0 species are available to completely participate in Ostwald ripening so the sizes of the gel structures are directly related to the concentration of Q 0 in the nearby solution. The gel structure sizes are dramatically reduced when the concentration of Q 0 species is low and most of the material is formed by the reconstruction of non-Q 0 units still connected to the glass. Based on the SAXS data in Fig. 3 and STEM images in Fig. 5 , a schematic was developed ( Fig. 6 ) to illustrate the various processes leading to the different alteration layer gel structures observed for (b) 9I7 and (d) 11I7, relative to the prevalence of non-Q 0 species and Q 0 species in the immediate vicinity. Due to a relative shortage of Q 0 species at pH 9, gel structures remain small (<100 Å) rather than grow into larger structures (>100 Å) as seen for synthetic aerogels at pH 9. Because more Q 0 species are available for Ostwald ripening at pH 11, larger structures in glass alteration layers are expected for 11I7 as seen in Fig. 6d . The proposed formation model in Fig. 6 offers new insights into previous works. Gin et al. demonstrate that ISG altered in isotopically tagged silica saturated solution at pH 7 and pH 9 showed only slight enrichment of tagged Si originally from solution in the interior of the alteration layer, implying the alteration layer is composed mostly by silica originally from the glass. 16, 37, 52 By using solutions that are already saturated with respect to silica, fewer completely dissolved Si species would be available to participate in alteration layer formation compared with dilute solutions. As a result, the alteration layer is expected to form from mostly partially dissolved species and make a finer gel structure with smaller pores. Another Si isotope study experiment performed in initially dilute conditions, found porous alteration layers composed of Si originally from the isotopically tagged glass coupon and Si dissolved from a nonisotopically tagged coupon located in the same reactor. 11 The final pH values of the solutions in this study were greater than pH 10 which created conditions suitable for more soluble Si species to exist. The increased pH and the isotope results imply that the porous alteration layer was likely composed of primarily dissolved Si species (Q 0 ) as proposed in Fig. 6d . While alteration layers of ISG formed in initially dilute solutions of various pH were analyzed in this work, Fournier et al. conducted a similar study using ISG in initially silica saturated solutions. 53 In their work, experiments were performed at higher S/V ratios for longer durations, but observed similar alteration behavior from pH 90°C 1 to 11. 53 The analysis performed after 7 days of alteration in this work at lower S/V is relevant to long-term glass alteration, although some specific processes can only be captured with longer reaction times such as in Fournier et al. (secondary phase precipitation, alteration layer evolution with time, etc.) 53 .
In this study, pore volumes and gel structures of alteration layers of glasses altered in dilute solutions of various pH values were investigated and compared with sol-gel synthesized aerogels with custom compositions based on alteration layer compositions. Glasses altered at higher pH values (9I7 and 11I7) were found to have more pore volume in the alteration layers in comparison to the other glass samples via PAS analysis. PAS also showed that 9I7 contained the least amount of pore volume near the surface and then had more pore volume in the interior of the alteration layer. SG-3 produced smaller skeletal structures than SG-7 and SG-9, and 9I7 produced smaller skeletal structures than 11I7. The results indicate that after 7 days, 11I7 was created in conditions similar to aerogels synthesized at neutral and high pH values, but 9I7 was likely not.
These findings imply that the solubility of silica is a major variable to consider in the formation of alteration layers. When Si solubility is high (as it is at pH 11), the completely dissociated Si species form the majority of the alteration layer as structures similar to those predicted by Iler for silica-water systems. 19 As solubility decreases and fewer completely dissolved Si species are present in solution, the alteration layer may form from a combination of partially dissolved species and completely dissolved species with structures less similar to synthetic aerogels and structures predicted by Iler. 19 
METHODS
Glass alteration experiments
The glass alteration samples described here have been used in a previous study. 39 The glass used for this study was the International Simple Glass (ISG). 3 The composition of ISG is found in Supplementary Table 1 . Each experiment consisted of one ISG coupon (10 mm × 10 mm × 1 mm) that had been polished to a 250-nm finish with diamond paste (Ted Pella) on each face. Buffered reaction solutions were made to pH values 3, 5, 7, 9, and 11 (±0.2) at 90°C. Specific details pertaining to solution preparations are presented in Supplementary Methods. Coupons were inserted into Savillex® vials containing 10 mL of the pH-adjusted solutions to obtain a glass-surface-area-to-solution-volume ratio (S/V) of 25 m −1 . Experiments were conducted in an oven heated to 90°C for 7 days without disturbing the samples. At the conclusion of the alteration experiments, the solutions were removed and the glass coupons were washed and immersed with ethanol. The ethanol was then exchanged with liquid CO 2 , and the glass samples were dried using supercritical CO 2 to preserve the structure of any porous alteration layer that may have formed. The final pH values of the solutions were measured at 90°C and can be found in Table 1 .
Sol-gel experiments
The syntheses processes of the sol-gel-derived silicate aerogels are described in more detail elsewhere. 50 In brief, aerogels were synthesized at room temperature using compositions comparable to those of altered 3I7, 7I7, and 9I7 listed in Supplementary Table 1 . TEOS (Aldrich®), deionized water (H 2 O), and ethanol were mixed in a molar ratio of 1:4:8. Other components of the sol-gel included aluminum-tri-sec-butoxide (Aldrich®), zirconium(IV) propoxide (Acros Organics®), sodium ethoxide (Sigma-Aldrich®), and calcium 2-methoxyethoxide (Gelest, Inc.). The pH of each mixture was adjusted after adding the TEOS, with 0.1 M HNO 3 to reach pH 3, a mixture of 2.7 M NH 4 OH and 0.4 M NH 4 F (NH 4 OH/NH 4 F) for pH 7 (http://www.aerogel.org/), and concentrated NH 4 OH or NH 4 OH/NH 4 F for pH 9. After the samples had gelled, they were immersed in ethanol and the solvent was renewed at least ten times to ensure that all mobile species were removed. Liquid CO 2 was then exchanged with ethanol thoroughly before the samples were supercritically dried to prevent the gel structures from collapsing.
Inductively coupled plasma optical emission spectrometry
Aliquots of altered glass leachate solutions were diluted with 0.1-0.3 mol·L -1 HNO 3 and analyzed using inductively coupled plasma optical emission spectrometry (ICP-OES) for Al, B, Ca, K, Na, Si, and Zr with a PerkinElmer Optima® 8300 dual view spectrometer with an Elemental Scientific SC4 DX FAST auto-sampler interface. The instrument was calibrated using standards (High-Purity Standards Corporation) to generate calibration curves with a range of 50 ppb-50 ppm. Calibration verifications were performed as required for the Hanford Analytical Quality Assurance Requirements Document. 54 Calibration blanks were analyzed after each calibration verification, and the calibration was independently verified using standards made by Inorganic Ventures®. Concentrations were determined and used to calculate the composition of alteration layers and synthetic aerogels and equivalent alteration layer thicknesses. See Supplementary Methods for calculation explanations.
Scanning electron microscopy
Dried portions of the altered coupons were embedded into epoxy resin (Epoxy Set, Allied High Tech Products, Inc.), sectioned to expose a cross section, and then polished to 0.03 µm with colloidal silica in preparation for scanning electron microscopy (SEM) analysis. A JSM 7001 F (JEOL, Ltd.) equipped with a field emission gun was used. Alteration layer thicknesses were measured using backscattered electron (BSE) SEM images of altered sample cross sections and ImageJ software greyscale analysis. Alteration layer thicknesses were measured at multiple points (>50) to improve the accuracy and reproducibility of the results.
Positron annihilation spectroscopy
Glass surfaces were analyzed using positron annihilation spectroscopy (PAS) at Washington State University to investigate open volume within the structures of various alteration layers and unaltered ISG (UG). Analysis conditions were identical to conditions described in Reiser et al. 44 For this study, ratios of 3-to 2 γ annihilation events (R parameter) were evaluated.
Resulting R values were normalized to the UG value and adjusted so the R value of UG is zero and higher R values imply that the sample contains more open volume than UG. See Supplementary Methods for further explanation on the R parameter.
The mean implantation depth (D, nm) is related to the incident kinetic energy (E, keV) and apparent density of the material (ρ app , g·cm −3 ) by the empirical formula given in Eq. (1): 44,55-57
where small variances in material composition, surface roughness, and very large pore volume fractions are systematic sources of error.
The quantity of open volume as a function of depth into the sample can be inferred by analyzing R parameters as implantation energy increases, as higher energy positrons penetrate deeper on average into a solid before annihilating.
Small-angle X-ray scattering
Altered glass and gel samples were analyzed using ultra-small-angle X-ray scattering (USAXS) and small-angle X-ray scattering (SAXS) experiments conducted at the Advanced Photon Source (Argonne National Laboratory, Lemont, IL, USA) on beamline 9-ID, station C. The setup is described elsewhere. 58, 59 The analysis conditions for this particular analysis is described in Reiser et al. 50 Based on the pore fractions presented in Table 2 , SAXS analyzes the skeletal phase of the synthetic aerogels as pore fractions are >80% (see Reiser et al. 50 ). For alteration layers on 3I7, 5I7, and 7I7, pore fractions are <50%, indicating the SAXS data measured intensities from mainly the skeletal phase, but also pores. Likewise, the SAXS data for 11I7 is influenced by solid material more than pores due to its pore fraction. The pore fraction for 9I7 is ca. 50%, implying an equal contribution of both phases in the SAXS scattering data. See Supplementary Methods for further explanation. The samples were analyzed using the unified method developed by Beaucage and Schafer. 60, 61 The radius of gyration (R g ) and power-law exponent (P) parameters were of particular interest in this study and are described in more detail in Reiser et al. 50 SAXSMorph was used to generate three-dimensional representations (cubes) of structures within 9I7, 11I7, SG-3, SG-7, and SG-9, using known pore fractions (see Table 2 ) and SAXS profiles. 62 The structures created are random examples that fit the SAXS data which are similar to the true structures. Dimensions of the constructed cubes were defined to be 1000 Å (100 nm); input minimum and maximum q values were 0.008-0.1 Å −1 for 9I7, 0.0006-0.1 Å −1 for 11I7, and 0.0006-0.7 Å −1 for SG-3, SG-7, and SG-9. Minimum and maximum q values were chosen to include all relevant features seen on SAXS plots down to 0.0006 Å −1 . Persistence of vision (POV) free software is used to visualize the representations. 63 The samples in this study fit all of the requirements with the exception of high q values must approach a power-law slope of −4 in all samples, which is not the case for 9I7 and 11I7. This issue is addressed in the section "SAXS analysis". The largest consequence of having power-law slopes greater than −4 is that the smallest features are smoothed out in the generated structure more than the actual structure.
Scanning transmission electron microscopy STEM specimen preparation of samples 9I7 and 11I7 was performed using an FEI Helios dual-beam focused ion beam/scanning electron microscope (FIB/SEM). Conventional liftout procedures 1 were performed to extract ã 15-μm long and 8-μm tall section from an epoxy mounted and polished cross section of the corroded glass surface previously prepared for SEM analysis (see the section "Scanning electron microscopy"). The surface was protected by a bilayer of e-beam and i-beam deposited Pt prior to FIB milling. The extracted portion extended from the epoxy embedding material, across the altered glass surface and into pristine glass. The FIB lamella was thinned to~200 nm thickness with 30 kV Ga + , and further thinned to <100 nm thickness using 2 kV Ga + to minimize beam damage to the sample. STEM darkfield imaging was performed on prepared 9I7 and 11I7 samples to estimate the level of porosity in the samples. Analytical electron microscopy was accomplished using a JEOL ARM 200 F cold field, aberration probe corrected STEM operated at 200 kV equipped with a JEOL Centurio EDS detector with a solid collection angle of 0.9 sR. Data analysis was completed using Gatan Microscopy Suite 3.0 and Noran Pathfinder software.
